A consistent increase in endurance performance has often been observed after resistance training (RT) (4). Based on the critical power (CP) concept, Denadai and Greco (1) recently proposed an interesting model to explain this RT-induced improvement in endurance performance. According to these authors, the gains (35-60%) in the curvature constant of the power-duration hyperbola (W=) could explain the performance improvements during constant-workload exercises performed above the CP after a RT program. However, it is important to highlight that during most athletic events, the intensity of the exercise is not previously fixed, but self-selected by the athletes. The intensity distribution during middle-and long-distance running races has often been characterized by a U-shaped pacing profile, with start and finish intensities being higher than in the middle part of the race (5). This U-shaped pacing makes the W= use more complex, because athletes might switch from one exercise intensity domain to another throughout the race (3). This could indicate that the increase in W= with RT might be more relevant for some specific parts of the race, in which athletes perform at intensities above the CP, such as during the fast start and the final sprint. This suggestion is in agreement with previous findings showing that RT can counteract fatigue during the last part of a running race (2). Therefore, further research in this exciting area is necessary to elucidate the influence of RT on W= and its possible relationship with changes in specific parts of self-paced, real races. REFERENCES 1. Denadai BS, Greco CC. Resistance training and exercise tolerance during high-intensity exercise: moving beyond just running economy and muscle strength. COMMENTARY ON VIEWPOINT: HYPOXIA COULD FURTHER ENHANCE PERIPHERAL MUSCLE ADAPTATIONS TO RESISTANCE TRAINING AND BOOST W= REFERENCES 1. Denadai BS, Greco CC. Resistance training and exercise tolerance during high-intensity exercise: moving beyond just running economy and muscle strength.
TO THE EDITOR: We appreciate the Viewpoint of Denadai and Greco (1) questioning the physiological mechanisms by which resistance training may increase the amount of work performed in the severe-intensity domain (W=) and, thereby, exercise tolerance. This enhancement of exercise capacity may be related to improvement in buffer capacity and/or reduction in group III/IV afferent sensitivity subsequent to resistance training. In our opinion, the use of hypoxia as an ergogenic tool can further boost these peripheral adaptations to promote greater or faster improvement in W=. We have demonstrated that resistance training in hypoxia (RTH) leads to greater gains in muscle hypertrophy (4) and maximal strength (3, 4) compared with similar training in normoxia, contributing to enhanced exercise tolerance at a given intensity. Evidences show that the low tissue O 2 partial pressure accelerates metabolite accumulation (e.g., blood lactate, growth hormone) and gene transcription (e.g., hypoxia-inducible factors, mammalian target of rapamycin), leading to earlier and greater recruitment of higherthreshold motor units (4) . Furthermore, the hypoxia-induced vasodilation and subsequent microvascular O 2 delivery may cause type II muscle fibers to behave more like their oxydatively efficient type I counterparts (2) . This would potentially attenuate peripheral locomotor muscle fatigue and augment the sensory tolerance limit. Despite that W= was recently shown to remain unchanged up to a simulated altitude of ϳ4,000 m (5), one may speculate that RTH would affect it positively. Future research could elucidate the "optimal" characteristics for successful implementation in athletic and patient populations to further enhance exercise capacity and quality of life.
Faiss R, Léger B, Vesin J-M, Fournier P-E, Eggel Y, Dériaz O, Millet GP.
Significant molecular and systemic adaptations after repeated sprint training in hypoxia. (3) suggest the physiological adaptations to resistance training could increase W= and thus lead to increased exercise tolerance in the severe-intensity domain. However, this discussion seems premature when the basic tenets of the critical power model and the underpinning mechanisms related to critical power and W= remain to be firmly established. Moreover, it is important to recognize that the critical power concept is based on the mathematical relationship between power and time, and so it is problematic to associate it with specific physiological parameters. Indeed, Denadai and Greco's own research challenges the basis of W= as a fixed amount of work that can be performed at intensities above critical power by suggesting that it increases depending on the nature of its expenditure (2) . Accordingly, despite the 3-min all-out test having a sound theoretical background (1), it overestimates critical power and performance in competitive cyclists (4), suggesting performance is a complex phenomenon that cannot be entirely predicted by a two-variable model. Furthermore, Salam and coworkers (5) recently showed mental fatigue reduced time to exhaustion proportionally across different exercise durations, indicating a decrease in W= by purely psychological factors (5) . In light of the recent findings (5), and some inconsistencies already recognized (2, 4), we wonder whether there is enough evidence to move beyond the critical power paradigm to articulate new hypotheses.
Arthur Henrique Bossi James Hopker School of Sport and Exercise Sciences University of Kent, Chatham Maritime Chatham, Kent, England
COMMENTARY ON VIEWPOINT
TO THE EDITOR: The field of sports science is relatively new and so many points are yet to be elucidated and resolved. The proposal to present my views on the work in question (3) seemed tempting. Every vision and integrative analysis seems to me to be extremely valid in the area of sport, precisely because performance is a function of several components (2) . I thought of pursuing an approach more closely linked to pure physics, biomechanics, or biochemistry. However, what struck me most was that a paper used by the authors (1) presents some flaws in the interpretation of the data. returns such that increasing the dose results in lesser performance gains. Finally, the appropriate endurance athlete population must be considered. While the authors correctly include 800 -3,000 m athletes in their discussion, we caution the reader not to extend the application to those running longer than~30 min, as this results in an intensity lower than critical speed and thus theoretically no utilization of DЈ (3).
Timothy J. Fulton Hunter L. Paris Robert F. Chapman Indiana University

FAST-TWITCH SPECIFIC MUSCLE FIBER ADAPTATIONS WITH RESISTANCE TRAINING MAY IMPROVE HIGH-INTENSITY AEROBIC EXERCISE TOLERANCE
TO THE EDITOR: A call for consideration of physiological mechanisms through which resistance training improves tolerance to high-intensity exercise was recently put forth (1) . We speculate that the addition of resistance training to an endurance training regimen may condition fast-twitch muscle fibers to better tolerate high-intensity aerobic exercise, thereby improving performance. Superior endurance performance is not typically considered dependent on fast-twitch fibers, but intensified endurance training in competitive athletes results in fast-twitch specific morphological and functional deficits (2) . Conversely, reduced training volume (taper) after heavy training appears to mediate performance enhancement by what is seemingly a compensatory rebound in fast-twitch size and power (5) . Tar (3) challenge the idea that resistance training improves middledistance endurance exercise performance consecutive to alterations in running economy. Rather, they suggest that this improvement might be related to an increase in W=, a component of the power-time relationship (3) . As a possible mechanism, they propose that a desensitization of group III/IV muscle afferents might occur following resistance training, leading to greater W= while central fatigue would be reduced, resulting in exercise performance improvement (3). On the one hand, previous observation of a greater peripheral fatigue tolerance while central fatigue was unchanged following endurance training indirectly supports the idea that a desensitization of group III/IV muscle afferents might occur (5) . On the other hand, studies using pharmacological attenuation of group III/IV muscle afferent feedback showed not only greater spinal motoneuronal output during cycling exercise (less central fatigue) but also reduced cardiovascular and respiratory response to exercise (less muscle O 2 delivery leading to increased rate of peripheral fatigue), and failed, in fine, to show any improvement in exercise performance (1, 2) . Accordingly, a desensitization of group III/IV muscle afferents is likely not the main mechanism responsible for the improved W= during endurance exercise following resistance training. Alternatively, altered central processing of group III/IV muscle afferents (4) and/or increased muscle buffer capacity (3) are other potential mechanisms to explain an increase in W=. These mechanistic propositions are difficult to explore in humans but definitely require further investigations. (1) raised pertinent questions regarding critical power (CP) and W= in several populations. A primary characteristic of aging and "at-risk" populations is exercise intolerance. Therefore, important mechanistic information related to CP/W= within these populations is warranted. Running/walking "economy" may not account for all the improvements in W= due to resistance training (1); however, other mechanisms may be involved. One hypothesis is that resistance training, which primarily targets glycolytic type II muscle fibers, stimulates nitric oxide (NO) bioavailability via improvements in nitrite or neuronal nitric oxide synthase (nNOS) flux (2) . Indeed, nNOS appears specific to type II fibers (2) and exercise derived NO liberated from nNOS attenuates alpha-adrenergic vasoconstriction (5), thus optimizing perfusion. Furthermore, plasma nitrite is reduced in aged/diseased populations, which may be related to exercise intolerance. Additionally, the appearance of the VO 2 slow component of oxygen uptake kinetics during heavy-to-severe intensity exercise has been attributed to extra-recruitment of type II fibers, corresponding to CP/W= (4). Therefore, increasing NO bioavailability via resistance training may optimize the oxygen cost of contractions (2), consequently improving exercise tolerance/W=.
Mechanistically, NO is also involved in attenuating the exaggerated exercise pressor response (EPR) in "at-risk" populations, as reductions in NO within the nucleus tractus solitarii of the brain contribute to the exaggerated EPR (3). As Denadai and Greco (1) hypothesize, resistance training-induced improvements of EPR could change the "sensory tolerance limit." This may be attributed to improvements in NO bioavailability within the brain, enhancing exercise tolerance and W=.
Nicholas T. Kruse
Department of Physical Therapy and Rehabilitation Science Carver College of Medicine University of Iowa
THE ROLE OF CENTRAL COMMAND IN RESISTANCE-TRAINING-INDUCED IMPROVEMENT IN EXERCISE TOLERANCE DURING HIGH-INTENSITY EXERCISE
TO THE EDITOR: Given that critical power (CP) and the total work performed above CP (W=) are derived from performance data, any change in performance determines a change in CP, W=, or both. While Denadai and Greco (1) report data suggesting that resistance training increases W= but not CP, there are also apparently paradoxical data showing no change in W= after high-intensity interval training that can be explained by methodological rather than physiological reasons (5) . This warrants caution when interpreting the mechanisms underlying performance adaptations by means of the CP model.
Leaving aside the methodological issues associated with the W= concept, we wish to raise attention to an overlooked mechanism underlying the improvement in exercise tolerance after resistance training. The increase in muscle strength and the decrease in exercise-induced muscle fatigue that occur with this training intervention point to a reduction in the central neural drive needed to sustain a given constant workload (2) . Consequently, a resistance-training-induced decrease in the magnitude of central command (the activity of motor and premotor areas of the brain relating to voluntary muscle contraction) probably contributes to enhancing endurance performance. While directly measuring central command during endurance exercise is impractical, measuring respiratory frequency and perceived exertion can help shed some light on the role of central command in exercise tolerance, because both variables are regulated by central command during high-intensity exercise (2) (3) (4) . From this perspective, the findings reported by Denadai and Greco (1) can be interpreted in the light of the psychobiological model of endurance performance (2) .
TO THE EDITOR: Denadai and Greco (1) provide an interesting Viewpoint about the effects of resistance training on the curvature constant of the critical power (W=) and physiological mechanisms underlying exercise tolerance. From a practical standpoint, we agree that the implementation of specific resistance training programs reduce the energy demands of running economy. However, from a more theoretical perspective, the study of running economy should include comprehensive structural and biomechanical (joint kinetics, muscle actions, vertical oscillation, change in velocity, etc.) analyses (2) to discern potential metabolic differences observed among different subject groups exposed to resistance training. An important consideration for the discussion is related to the variability of the prescribed resistance exercises. What are the intensity, duration, and frequency of training that improve W= in untrained, trained, and clinical populations? What is the role of peripheral factors in limiting exercise tolerance? It is important to consider the behavior of the power-duration relationship in hypoxemic patients with different degrees of impairment and the effective strategies on specific determinant of the endurance capacity. These factors may be variable in patients with different disease entities or severity and ultimately depend on the degree of intrinsic peripheral muscle dysfunction and weakness (3), imbalance between different physiological systems (4), and imbalance between energy demands and supplies to working skeletal and respiratory muscles (5) .
Marinei Pedralli Department of Kinesiology & Health Education
Cardiovascular Aging Research Laboratory The University of Texas at Austin, Austin, TX
COMMENTARY ON VIEWPOINT
TO THE EDITOR: The Viewpoint by Denadai and Greco (3) provided an insightful explanation of how resistance training may improve high-intensity aerobic exercise tolerance, proposing an attenuated H ϩ accumulation-lowered firing rate of group III/IV afferents after a resistance training period. In this regard, a blood flow restriction (BFR) study observed an exacerbated metabolic stress as indicated by a decreased pH level when individuals performed low-intensity resistance exercises associated with BFR (5), therefore suggesting that chronic resistance exercise ϩ BRF training may lead to an attenuated H ϩ accumulation. However, it is possible that low-intensity aerobic training associated with BFR may also constitute as an alternative to enhance the high-intensity aerobic exercise tolerance, possibly through similar mechanisms to those hypothesized by Denadai and Greco (3) (i.e., metabolic changes in muscle milieu-improved "sensory tolerance limit"). For example, improvements in muscle strength, V O 2max and time to exhaustion were observed after eight weeks of a low-intensity aerobic (40% V O 2max ) ϩ BFR training (1). Furthermore, 2 weeks of intermittent walk ϩ BFR training led to greater V O 2max and exercise tolerance (4). Together, the adaptations observed in these studies (1, 4) may suggest that increased high-intensity aerobic exercise tolerance is also attainable in low-intensity aerobic exercise ϩ BFR training, perhaps due to a BFR training-attenuated H ϩ accumulation (2) . The possibility of improving highintensity exercise tolerance through a low-intensity aerobic exercise training ϩ BFR is of interest for clinical population with restriction to resistance training as well as for endurance athletes wanting to maximize training adaptations. Future studies are required to confirm this hypothesis. 
MIDDLE DISTANCE RUNNING EFFICIENCY-QUANTIFYING INTERVENTIONS AT WORKLOADS ABOVE CRITICAL VELOCITY-MORE THAN JUST A PHYSIOLOGICAL PURSUIT?
TO THE EDITOR: The demands of world class 800 m running competition require exceptional tolerance of high-intensity running speeds far beyond critical velocity (CV) (11.0 s/100 m sectors; 5). In agreement with field observations, modifications in running economy measured during submaximal exercise may not translate to improved running performance over middle-distance race speeds (2) . Therefore, quantification of running efficiency at speeds above CV may allow better assessment of adaptive responses to resistance training interventions.
The impact that a resistance training intervention imparts on 800 m "race pace" running may be difficult to define and quantify. Underlying improvements in high-intensity (ϾCV) running efficiency following a resistance training intervention may stem from biomechanical and anthropometric adaptations that include inter and intramuscular coordination and postural control as well as changes in passive stiffness of relevant tissue (and, as a result, leg spring stiffness) that ultimately reduce energy leakage during running (1, 4) to optimize the utilization of the available D=. In addition, resistance training can enhance ground reaction force application in both vertical and horizontal planes, both of which provide cocoordinative challenges that limit the ability to perform faster running speeds and may extend an athletes tolerance to high-intensity work. A multidisciplinary perspective that incorporates the sciences of biomechanics and motor control, alongside physiology, may allow us to view middle-distance running more as a skill, whereby an applied resistance training intervention can foster the development of the underlying components of importance for efficient high-intensity running and D= of middle-distance runners (3). 1 Sport Performance Research Institute New Zealand (SPRINZ) Auckland University of Technology Auckland, New Zealand; 2 High Performance Sport New Zealand Auckland, New Zealand; 3 Athletics New Zealand Auckland, New Zealand; and 4 Queensland Academy of Sport Nathan, Australia
CARDIOVASCULAR CHANGES RELATED TO RESISTANCE TRAINING ARE GREATER THAN TYPES III/IV AFFERENTS FOR EXERCISE TOLERANCE AND W=
TO THE EDITOR: The recent Viewpoint (1) postulates that resistance training can enhance exercise tolerance and W= by reducing firing frequency of types III/IV afferents. However, both skeletal muscle vascularization and blood flow capacity can also play crucial roles in oxygen transport to muscle fibers, maximal oxidative metabolic rate, and clearance of fatigue-related metabolites, which have been shown critical to W= (2, 3) . Importantly, hemodynamic changes such as increase in blood flow, total capillary/arteriolar proliferation, and cross sectional area can occur in both trained and untrained skeletal muscle (2) (3) (4) and are greater in shorter concentric/eccentric (e.g., workout training) compared with longer (e.g., isometric/muscle stretching) muscle contractions (3) (4) (5) . Overall, these components have been shown to exert more influence over critical power than firing frequency of types III/IV afferents or other components of fatigue, even in COPD and CHF patients (3, 4) . Therefore, resistance training might be capable to improve muscle functions more likely by a broad spectrum of cardiovascular adaptations [e.g., neuronal nitric oxide synthase (nNOS), arteriogenesis, angiogenesis, microvascular O 2 transport and muscle blood flow] than the regulation over types III/IV afferents activity (2) (3) (4) . Accordingly, cardiovascular adaptations need to be taken into account beyond firing frequency muscle types III/IV afferents on improvements of the exercise tolerance and W=, even in clinical populations.
Rodrigo Miguel-dos-Santos Thássio Ricardo Ribeiro Mesquita Federal University of Sergipe
FACTORS AFFECTING THE CURVATURE CONSTANT OF POWER-TIME HYPERBOLA
TO THE EDITOR: Critical power (CP) and the curvature constant (W=) characterize the power-duration hyperbola well known in exercise physiology. The invariance of these two parameters for a given class of subjects has been in general acceptance, but recent reports (1, 2) show basis for its possible revision. First of all, the power hyperbola, which can be linearized in the work-time plane or in the log-power log-time domain arises from having to yield to a dynamic equilibrium prevailing in the physiological system. The authors also believe that it has deeper connections with the excitability of muscle/nerve tissues on account of its resemblance with strength-duration relationship wherein the parameters of chronaxie and rheobase serve well for comparison.
There is paucity of literature revealing what factors influence W=. Attempts were made to manipulate W= and CP prompted by the belief that concurrent training and other variations in exercises would spur the anaerobic and aerobic mechanisms and siphon additional energy reserves (3). Jones et al. (4) established that phosphorylcreatine and pH balance was intact below CP but was offset above it during high intensity exercises. If CP is thus unaltered, the only factor that possibly enhances W=, has to do with time. Recently (1) reported marked enhancement in W= following induced alkalosis among subjects under both hypoxic and normoxic conditions. They also found a fall in CP in participants administered with simulated hypoxia. So pretreatment with phosphocreatine or some alkaline drink (5) is supposed to extend the time margin before reaching the task failure, thus increasing W=.
